Abstract. Long non-coding RNAs (lncRNAs) play important roles in diverse biological processes. Although downregulation of lncRNA maternally expressed gene 3 (MEG3) has been identified in several types of cancers, little is known concerning its biological role and regulatory mechanism in hepatoma. Our previous studies demonstrated that MEG3 induces apoptosis in a p53-dependent manner. The aim of the present study was to determine whether endoplasmic reticulum (ER) stress is involved in MEG3-induced apoptosis. Recombinant lentiviral vectors containing MEG3 (Lv-MEG3) were constructed and transfected into HepG2 cells. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, RT-PCR, flow cytometry, western blot analysis, immunofluorescence and immunohistochemistry were applied. Transfected HepG2 cells were also transplanted into nude mice, and the tumor growth curves were determined. The results showed that the recombinant lentivirus of MEG3 was transfected successfully into the HepG2 cells and the expression level of MEG3 was significantly increased. Ectopic expression of MEG3 inhibited HepG2 cell proliferation in vitro and in vivo, and also induced apoptosis. Ectopic expression of MEG3 increased ER stress-related proteins 78-kDa glucose-regulated protein (GRP78), inositol-requiring enzyme 1 (IRE1), RNA-dependent protein kinase-like ER kinase (PERK), activating transcription factor 6 (ATF6), C/EBP homologous protein (CHOP), caspase-3, as well as p53 and NF-κB expression accompanied by NF-κB translocation from the cytoplasm to the nucleus. Furthermore, inhibition of NF-κB with Bay11-7082 decreased p53 expression in the MEG3-transfected cells. These results indicate that MEG3 inhibits cell proliferation and induces apoptosis, partially via the activation of the ER stress and p53 pathway, in which NF-κB signaling is required for p53 activation in ER stress.
Introduction
Recent studies have shown that approximately 80% of the human genome is transcribed to RNA, with only 2% being responsible for protein coding. According to their size, non-coding RNAs (ncRNAs) are classified into small and long ncRNAs. Long non-coding RNAs (lncRNAs) are a class of RNA molecules with >200 nucleotides that function as RNAs with little or no protein-coding capacity (1) . lncRNAs have been implicated to play a functional role in carcinogenesis and cancer growth (2) . There is increasing evidence that lncRNAs participate in a diversity of biological processes. Expression of many lncRNAs is altered and is likely to function in tumorigenesis. The functional diversity and mechanistic role of lncRNAs are currently a field of intense investigation (3) .
Maternally expressed gene 3 (MEG3), an lncRNA, is an imprinted gene located on chromosome 14q32.3 that functions as a tumor suppressor (4, 5) . MEG3 is expressed in many normal human tissues, with the highest expression in brain and pituitary gland. However, its expression is lost or decreased in common human tumors, such as glioma, colon cancer, hepatocellular cancer, non-small cell lung cancer (NSCLC) and meningioma (2, (6) (7) (8) (9) . We and other investigators have demonstrated that promoter hypermethylation or hypermethylation of the intergenic differentially methylated region contributes to the loss of MEG3 expression in tumors (10) .
The endoplasmic reticulum (ER) is the intracellular organelle where protein synthesis, folding, and modifications occur, as well as regulation of intracellular Ca 2+ homeostasis (11) . Various stimuli can disturb ER homeostasis resulting in the accumulation of unfolded or misfolded proteins leading to pathological consequences, generally known as ER stress (12) .
Slight stimulation activates an adaptive signaling cascade to counteract the ER stress-associated damage, known as the unfolded protein response (UPR) (13) . During UPR, three major stress sensors, comprised of the RNA-dependent protein kinase-like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1), reside on the ER membrane and are activated by dissociating from the 78-kDa glucose-regulated protein (GRP78). UPR can enhance cell survival (14) . However, when the response is not sufficient and ER stress persists, the UPR leads to apoptosis through activation of C/EBP homologous protein (CHOP) (15) , caspase-12 (16) and/or c-Jun NH2-terminal kinase (JNK) (17) .
Our previous study indicated that adenosine induces ER stress and p53 activation, as well as the expression of MEG3 by altering the methylation status of the MEG3 promoter (12) , and MEG3 also induces cell apoptosis through the p53-dependent pathway (10, 18) . Moreover, p53 activation is thought to be related to ER stress (19) . However, the biological role of MEG3 has not yet been completely understood; In particular, little is known concerning the regulatory relationship between MEG3 and ER stress. Here, we explored a functional mechanism of MEG3 regulation via activating ER stress and p53 pathway to induce cell apoptosis, and further defined its tumor-suppressor function.
Materials and methods
Reagents and antibodies. Dulbecco's modified Eagle's medium (DMEM) was purchased from Invitrogen (Carlsbad, CA, USA). Primary antibodies against GRP78, IRE1, PERK, ATF6, p53, and NF-κB were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Primary antibodies against GAPDH and caspase-3 were purchased from Cell Signaling Technology (CST; USA) and CHOP from MengZhouShi Ruiying Biological Technology Co., Ltd. (China). Anti-rabbit and anti-mouse secondary antibodies were purchased from LI-COR Biosciences (USA). Alexa Fluor 555-labeled donkey anti-rabbit IgG was obtained from Abcam (USA). The Annexin v/FITC Apoptosis Detection kit was obtained from Beijing 4A Biotech Co., Ltd. (China). The primer sequences for the MEG3 gene, used to verify transfection efficiency were: forward, CTC AGG CAG GAT CTG GCA TA; and reverse, CCT GGA GTG CTG TTG GAG AA and purchased from Invitrogen. Other materials, such as Tris, SDS and glycine were obtained from Sangon (Shanghai, China).
Cell culture and experimental groups. Human hepatoma HepG2 cells were obtained from the American Type Culture Collection (Manassas, vA, USA) and cultured in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 mg/ml) under a humidified atmosphere with 5% CO 2 at 37˚C. The cell culture medium was changed every other day, and cells were passaged at 80-90% confluency. For the immunofluorescence and immunohistochemical assay, the cells were cultured on coverslips in DMEM for 24 h before transfection.
For the recombinant lentiviral transfection experiments, HepG2 cells were transfected with a lentiviral vector containing MEG3 (Lv-MEG3) sequence diluted in DMEM with 2% FBS and 8 µg/ml Polybrene at a multiplicity of infection (MOI) of 100. The cell lines transfected with the empty lentiviral vector (Lenti6.3-MIG) at MOI of 100 served as the control. The purified MEG3 gene fragment was inserted into a lentiviral vector (pLenti6.3-MCS-IRES2-EGFP), and the insertion fragment was identified by PCR, restriction endonuclease analysis and DNA sequencing. The Lv-MEG3 sequence was then transferred into HEK 293FT cells to be packaged into mature lentivirus as Lenti-hMEG3-IRES-EGFP (Lv-MEG3, MEG3).
Construction of the recombinant lentiviral vectors and
To obtain cell lines stably expressing MEG3, the lentiviral vector (Lv-MEG3, MEG3) was transfected into HepG2 cells. RT-PCR was performed to examine the mRNA expression level of MEG3.
RNA extraction and RT-PCR assay. HepG2 cells were transfected with Lv-MEG3 or Lenti6.3-MIG for 48 h. Cells were harvested and total RNA was extracted using TRIzol reagent according to the manufacturer's protocol. For reverse transcriptase analysis, 1 µg of total RNA was reverse transcribed using an EasyScript First-Strand cDNA Synthesis SuperMix kit. Amplification of MEG3 and GAPDH was performed using 1 µl cDNA as a template, 12.5 µl 2X Taq PCR MasterMix (Tiangen Biotech Co., Ltd.), 9.5 µl ddH 2 O and 1 µl of each primer (10 µM stock concentration) in a total volume of 25 µl. The PCR reaction was performed using the following primers: MEG3 forward, 5'-CTCAGGCAGGATCTGGCATA-3' and reverse, 5'-CCTGGAGTGCTGTTGGAGAA-3'; GAPDH forward, 5'-CACCATCTTCCAGGAGCGA-3' and reverse, 5'-TCAGCAGAGGGGGCAGAGA-3'.
Samples were incubated at 94˚C for 3 min followed by 38 cycles of denaturation at 94˚C for 30 sec, annealing at 57˚C for 30 sec and extension at 72˚C for 1 min, and a final extension step at 72˚C for 5 min. The PCR products were separated on a 4% agarose gel and visualized by ethidium bromide staining.
Determination of cell proliferation by MTT assay.
Viability of the cell post-transfection was determined using the 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation kit. Cells were inoculated into 96-well plates at 5x10 3 cells/well and allowed to attach for 24 h. The HepG2 cells were transfected with Lv-MEG3 or Lenti6.3-MIG for 48 h. The culture medium was then aspirated and the cells were washed with PBS, followed by incubation with 0.5 mg/ml of MTT at 37˚C for 4 h. After incubation, the supernatant was removed and the cells were treated with DMSO to dissolve the formazan reaction product. The concentration of formazan was determined by measuring the absorbance at 540 nm using an enzyme-linked immunosorbent assay reader (FilterMax F5; Molecular Devices, USA).
Tumor formation assay in a nude mouse model. Five-week-old female athymic BALB/c mice were purchased from Vital River (Beijing, China) and maintained under specific pathogen-free conditions and manipulated according to protocols approved by the Shanghai Medical Experimental Animal Care Commission. HepG2 cells transfected with Lv-MEG3 or Lenti6.3-MIG were harvested, washed with cold PBS and resuspended at a concentration of 3x10 7 cells/ml. A volume of 0.15 ml each of the suspending cells was subcutaneously injected into either side of the forelimb flank of each nude mouse. Tumor growth was examined every 3 days in mice from the MEG3 (n=6) or control group (n=6), and tumor volumes were calculated using the equation:
Twenty-two days after injection, the mice were euthanized and tumor weights were measured. RT-PCR analysis was performed to detect MEG3 levels in the tumor tissues.
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (20) . The protocol was approved by the Committee on the Ethics of Animal Experiments of Shantou University Medical College. All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering in mice.
Flow cytometric detection of apoptosis. HepG2 cells transfected with Lv-MEG3 or Lenti6.3-MIG were harvested by trypsinization at 48 h, washed twice with cold PBS, and resuspended in 1X binding buffer to a concentration of 1x10 6 cells/ml. The cells were then stained with 5 µl Annexin v/FITC and 10 µl propidium iodide (20 µg/ml) for 15 min at room temperature in the dark. Analyses were performed with a BD Accuri™ C6 Flow Cytometer (BD Biosciences, USA) with the FL1 and FL3 detector.
Western blot analysis. HepG2 cells were harvested at 48 h after MEG3 transfection, and washed with cold PBS three times. Total cellular protein lysates were prepared with RIPA buffer containing proteinase inhibitors. Nuclear and cytoplasmic protein fractions were prepared using a Nuclear and Cytoplasmic Protein Extraction kit (Beyotime Institute of Biotechnology). Protein concentration was measured using a BCA Protein Assay kit (Thermo Fisher Scientific, USA). Protein (50 µg) was separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to nitrocellulose membranes. The membranes were blocked at room temperature for 60 min with 5% non-fat milk in Tris-buffered saline (pH 7.6; TBS), and incubated with primary antibodies against GAPDH (1:1,000), GRP78 (1:500), PERK (1:500), IRE1 (1:500), ATF6 (1:500), CHOP (1:1,000), caspase-3 (1:1,000), p53 (1:3,000) and NF-κB (1:500) in TBS at 4˚C overnight, followed by TBST (with Tween-20) washes. Membranes were incubated with fluorescent secondary antibodies (LI-COR) coupled to the primary antibody at room temperature in the dark for 1 h, followed by TBST washes, dried with neutral absorbent paper and scanned by Odyssey detection system (LI-COR). Protein expression was analyzed using Quantity One software (Bio-Rad, USA) and normalized to GAPDH (for total cell fraction) or TBP (for nuclear fraction).
Immunofluorescence staining. HepG2 cells were seeded at 4x10 5 cells/well in 6-well flat bottomed plates and incubated in 10% FBS-supplemented DMEM for 24 h. Cells were transfected and divided into two groups: the MEG3-transfected group and the control group. Cells were fixed in 4% paraformaldehyde for 15 min and permeabilized in 0.3% Triton X-100 for 10 min at room temperature, and then blocked with 3% BSA for 30 min. Subsequently, the cells were incubated with the primary antibody against NF-κB (anti-p65, 1:100) or with PBS (blank group) at 4˚C overnight. On the following day, HepG2 cells were incubated with the Alexa Fluor 555-labeled donkey anti-rabbit IgG (1:100) for 1 h at 37˚C. The cell nuclei were stained with DAPI for 10 min. Cells were viewed and captured with a fluorescence microscope (Olympus BX51).
Immunohistochemical staining. For immunochemical analysis, the cells were fixed in 4% paraformaldehyde for 10 min, permeabilized in 0.3% Triton X-100 for 10 min at room temperature, respectively, and then blocked in 3% BSA for 30 min. Subsequently, the cells were incubated with the primary antibody against NF-κB (anti-p65, 1:50) or with PBS (negative control) at 4˚C overnight. On the second day, the cells were then incubated with biotinylated anti-mouse (1:400; Jackson ImmunoResearch) at room temperature for 1 h, and then with an avidin-horseradish peroxidase complex (vectastain ABC kit; Promega, Madison, WI, USA) at room temperature for 30 min, and visualized with amine nickel sulfate-enhanced 3,3'-diaminobenzidine (DAB). Hematoxylin was used to stain the cell nuclei. Sections were observed under a light microscope, and positive staining was shown by the development of brown particles.
Statistical analysis. All experiments were independently performed at least three times. The values are presented as the means ± SD. Differences were assessed by two-tailed Student's t-test. P<0.05 was considered to indicate a statistically significant result.
Results

MEG3 expression is increased after Lv-MEG3 transfection in the HepG2 cells.
In the present study, we described the generation of a recombinant Lv-MEG3. The pcDNA3.1-MEG3 plasmid vectors and the recombinant lentiviral vectors (Lv-MEG3) were identified using sequencing technique. The particular sequence of MEG3 insertion into vectors was the same as designed. The mRNA expression of MEG3 was observed by RT-PCR. As shown in Fig. 1 , compared with (Fig. 2A,  p<0 .05). Ectopic expression of MEG3 inhibited cell pro liferation in a time-dependent manner. These results suggest that overexpression of MEG3 inhibited HepG2 cell proliferation in vitro.
To explore whether MEG3 inhibits hepatoma growth in vivo, the HepG2 cells transfected with Lv-MEG3 or Lenti6.3-MIG were inoculated into nude mice respectively, and all mice developed xenograft tumors at the injection site. Tumor growth in the Lv-MEG3 group was significantly slower than that in the control group on day 22 after injection ( Fig. 2B-D) . The average tumor weight in the Lv-MEG3 transfection group was lower than that in control group (Fig. 2E) . RT-PCR analysis showed that the mRNA expression level of MEG3 in the Lv-MEG3 transfection group was significantly higher than that in the control group (Fig. 2F) . Taken together, these results demonstrated that ectopic expression of MEG3 inhibited hepatoma growth in nude mice.
Ectopic expression of MEG3 induces HepG2 cell apoptosis.
To determine whether apoptosis was a contributing factor to cell growth arrest in the MEG3-transfected HepG2 cells, we performed flow cytometric analysis after transfection with Lv-MEG3 or Lenti6.3-MIG. Transfection with Lv-MEG3 increased the fraction of apoptotic cells by ~14.7% in comparison with cells transfected with the empty lentivirus (Lenti6.3-MIG, Fig. 3 ). This indicated that overexpression of MEG3 induced HepG2 cell apoptosis in vitro.
Ectopic expression of MEG3 activates the ER stress pathway.
To verify whether the MEG3-induced cell apoptosis is related to ER stress, ER stress-relative proteins were detected by western blot analysis. Fig. 4 shows that overexpression of MEG3 not only increased the expression of GRP78, three key proteins of UPR (IRE1, PERK, ATF6), but also increased CHOP, caspase-3 and p53 expression. The results showed that ectopic expression of MEG3 induced HepG2 cell apoptosis through the ER stress pathway.
Ectopic expression of MEG3 activates NF-κB, p53 and causes nuclear translocation of NF-κB protein.
In order to further explore the possible relationship between NF-κB and p53, we investigated the distribution of NF-κB in the HepG2 cells transfected with MEG3 by immunofluorescence and immunohistochemistry assay. As indicated in Fig. 5A and B, a weak NF-κB signal was detected in the control cells and NF-κB was obviously translocated from the cytoplasm to the nucleus in the MEG3-transfected cells. In order to further validate the results using microscopy, total cell lysates collected from the transfected HepG2 cells were fractionated to separate the cytoplasmic and nuclear components, and western blot analysis was performed to measure the NF-κB protein level only in the nuclear components. A sharp accumulation of NF-κB in the nuclear fraction was detected in the cells transfected with MEG3 (Fig. 5C) . Moreover, inhibition of NF-κB by Bay11-7082 decreased the protein expression of both NF-κB and p53 (Fig. 5D) . These results demonstrated that ER stress activates the p53 pathway and p53 expression is mediated by NF-κB in MEG3-induced apoptosis. 
Discussion
Accumulating evidence indicates that MEG3 plays an important role in the formation and progression of HCC. In order to further identify the biological function of MEG3, recombinant lentivirus of MEG3 was constructed and transfected into hepatoma HepG2 cells. The results showed that ectopic expression of MEG3 inhibited HepG2 cell proliferation in vitro ( Fig. 2A) . Moreover, overexpression of MEG3 decreased tumor growth in nude mice (Fig. 2B-D) . FCM analysis further confirmed that the ectopic expression of MEG3 increased apoptosis in the HepG2 cells (Fig. 3) , which shows that MEG3 functions as a tumor suppressor.
In the present study, we observed that overexpression of MEG3 significantly increased the relative protein expression of the ER stress pathway. Many studies have indicated that activation of IRE1, ATF6, and PERK represents the standard UPR pathways. Once PERK, ATF6 and/or IRE1 are activated, they initiate an early adaptive response to unfolded proteins that, if the stress is short-lived, can facilitate clearance of the unfolded proteins and cell survival; specifically, inhibition of protein translation, transcriptional induction and increased expression of GRP78 (21) . However, with prolonged stress, additional responses are initiated, including caspase-12/caspase-9/caspase-3, ERK/ATF-4/CHOP, IRE1/Ask1/JNK, PERK/eIF2a/NF-κB and p53 pathways and these pathways can promote cell apoptosis (22) . CHOP is a transcription factor and plays a critical role in ER stress-mediated apoptosis (22) . Caspase-3 is a main executioner caspase. In the present study, three key proteins of UPR (IRE1, ATF6, PERK) and chaperone GRP78 were obviously increased in the transfected HepG2 cells. Furthermore, CHOP, NF-κB, caspase-3 and p53 were also upregulated (Fig. 4) . These experimental results demonstrated that MEG3 triggered the ER stress pathway in the HepG2 cells.
Our previous study revealed that MEG3 functions as a tumor-suppressor gene by regulating p53 activation (10) . NF-κB family members also play a role in regulating the p53 gene in certain types of stress (23, 24) . However, the regulatory mechanism of p53 activation in ER stress is still unclear. Studies indicate that persistent ER stress can trigger a switch in the UPR signaling pathways from pro-survival to pro-apoptotic pathways by the PERK/eIF2a/NF-κB pathways (25) . Activation of NF-κB regulates cell death-associated gene expression (26) (27) (28) . In order to probe the effect of NF-κB on p53 activation, the distribution and expression of NF-κB protein in the HepG2 cells were detected. In normal states, NF-κB is sequestered in the cytoplasm in an inactive form bound to one of many inhibitory molecules (IκBs). Phosphorylated and ubiquitinated IκB is degraded by the 26S proteasome, leading to the translocation of active NF-κB to the nucleus where it binds to κB elements and regulates transcription of genes mediating inflammation, carcinogenesis, and pro-apoptotic or anti-apoptotic functions. In this study, the results of the immu- nofluorescence and immunohistochemistry assays showed that ectopic expression of MEG3 obviously caused NF-κB translocation from the cytoplasm to the nucleus and increased its expression in nuclei (Fig. 5A and B) . Furthermore, western blot analysis demonstrated that the majority of the NF-κB proteins resided in the nucleus and the expression level of PERK was also increased in the MEG3-transfected cells (Fig. 5C ), indicating that the PERK/eIF2a/NF-κB pathway was activated. Moreover, inhibition of NF-κB by Bay11-7082 decreased p53 protein expression (Fig. 5C and D) , showing that p53 expression was regulated by NF-κB under ER stress. Our previous study identified that MEG3 repressed MDM2 expression and induced p53 activation (10) . Recently, Zhu et al demonstrated that MEG3 can also interact directly with the p53 DNA binding domain in hepatoma cells (29) . In the present study, we observed that overexpression of MEG3 activated the ER stress pathway and increased p53 expression via the NF-κB pathway, which ind icates that multiple mechanisms participate in p53 activation in MEG3-induced apoptosis.
The role of NF-κB in regulating cell survival or death is complex. NF-κB mediates tumor promotion, angiogenesis, metastasis, and resistance to chemotherapeutics (30) . In a study of gastric carcinoma, we demonstrated that NF-κB was constitutively active and associated with advanced pathologic stage and tumor size (31) . In adenosine-induced apoptosis, we observed that NF-κB plays an anti-apoptotic role (32) . However, in the present study, unexpectedly, inhibition of NF-κB decreased p53 protein expression. We hypothesize that the difference may be due to the types of stress and the features of the cell lines. ER stress can operate in parallel with multiple signaling mechanisms in different situations, and the overall outcome in terms of cell survival or apoptosis depends on the additive effects on downstream effectors. The role of NF-κB on p53 regulation needs further investigation in MEG3-mediated ER stress.
In summary, the present study demonstrated that exogenous MEG3 impeded tumorigenesis both in vitro and in vivo and induced hepatoma cell apoptosis. Moreover, overexpression of MEG3 caused ER stress and resulted in the activation of NF-κB and p53. Furthermore, inhibition of NF-κB decreased p53 protein expression. These results showed that the ER stress pathway may be involved in MEG3-induced apoptosis and that NF-κB signaling is required for p53 activation in ER stress.
